INTRODUCTION
Deep-sea benthic foraminifers from the North Atlantic Ocean have been studied more intensely than similar faunas from other oceans. Pioneering studies of Quaternary faunas were made by Brady (1884-material from the HMS Challenger), Cushman (1923) , . Streeter (1973) used the data from the latter authors in a quantitative study and concluded that deep-sea faunal associations of benthic foraminifers are related to the water masses below which they are living, and that the faunal associations changed from glacial to interglacial intervals during the last 150,000 yr. Streeter and Shackleton (1979) compared the faunal composition during the last 150,000 yr. with the oxygen isotopic ratios from tests of Uvigerina species. Schnitker (1974; 1980) recognized a similar correlation between water masses and benthic faunal composition in the western North Atlantic, and concluded that Epistominella ex/gMα-dominated faunas are presently typical of the deepocean basins north of 35 °N. South of 35 °N, faunas have abundant Nuttallides umbonifera; faunas typified by Uvigerina and Hoeglundina species occur at somewhat shallower depths along the continental margins and the Mid-Atlantic Ridge. During interglacial periods the faunas resembled the modern ones, but during glacial periods the Uvigerina-Hoeglundina faunas migrated basinward and became dominant in the deep basins north of about 35°N, while a mixed Uvigerina peregrina-Epistominella exigua fauna lived more to the south, and a 1 Ruddiman, W. F., Kidd, R. B., Thomas, E., et al., Init. Repts. DSDP, 94 : Washington (U.S. Govt. Printing Office).
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mixed Epistominella exigua-Nuttallides umbonifera fauna dominated south of 23 °N.
In high-resolution studies of benthic foraminiferal faunas of the Rockall Plateau area, concluded that orbital parameters induced fluctuations in the faunal composition of benthic foraminifers in the late Miocene and during the glacial Pliocene and Pleistocene, The same author (Schnitker, 1982 ) also described even higher-frequency oscillations in the faunal composition of Quaternary benthic foraminifers (650-2500 yr.).
Older faunas (Paleogene-Recent) from material recovered on DSDP Leg 12 at sites in the North Atlantic and Bay of Biscay were discussed by Berggren (1972) . He concluded that there was a major change in deep-sea benthic foraminiferal faunal composition during the middle Miocene, but he did not present data on the exact timing or the sequence of first and last appearances of taxa. Schnitker (1979) studied Paleogene to Recent faunas from the Bay of Biscay (DSDP Leg 48), and concluded that there were major faunal changes at Paleocene/Eocene boundary, at the Eocene/Oligocene boundary, at the Oligocene/Miocene boundary, at the end of the middle Miocene, and in the Pliocene. According to Miller (1983) , however, Paleogene faunal changes in the Bay of Biscay occurred over the period from early middle Eocene to earliest Oligocene, and did not coincide with the Eocene/Oligocene boundary. and this volume) described and quantitatively analyzed benthic deep-sea faunas from the North Atlantic, including the Rockall Plateau area (DSDP Leg 81). He compared Recent faunas with their older counterparts, and deduced bottom-water movements from the changes in faunal composition with time. Berggren and Schnitker (1983) reviewed the Cretaceous to Recent environmental history of the northeastern North Atlantic, and concluded that there was a major taxonomic turnover in the benthic micro fauna in the middle Miocene, so that benthic microfaunas assumed their present-day aspect at that time. In Schnitker's paper (in press) on the benthic foraminiferal faunas from the Rockall area and the Bay of Biscay the author also concluded that there was a major faunal turnover in the middle , recognized at depths between 1650 and 4400 m.
A middle Miocene faunal turnover in benthic foraminiferal faunas was described from the Pacific Ocean Woodruff, 1985) . These authors concluded that the major faunal change was coeval with a major increase in δ 18 θ values in benthic foraminiferal tests. This increase in benthic δ 18 θ values has been recognized worldwide (e.g., Woodruff et al., 1979; Savin et al., 1981; Miller et al., 1985; Pisias et al., 1985; . Thomas (1985; 1986) , however, in a study of benthic foraminifers from the eastern equatorial Pacific, decided that the faunal changes at that location were initiated before the middle Miocene increase in oxygen isotopic values, and occurred between 18.5 and 13.5 Ma. The beginning of the faunal changes appeared to be correlated with an increase in CaCO 3 dissolution, and the onset of an increase in δ 13 C values in benthic and planktonic foraminiferal tests .
In this chapter I describe benthic foraminiferal faunas from DSDP Sites 608 and 610 (water depths about 3.5 and 2.5 km, respectively, Fig. 1) , from an age range of late Oligocene to Recent. The sampling density was highest at Site 608 (generally corresponding to 0.1 to 0.5 m.y.). At this site the core recovery was good, as was the preservation of the calcareous microfauna. At Site 610, recovery and preservation were not as good, especially in the deeper part of the hole (lower Miocene), and the site was spot-cored in large intervals in the middle to upper Miocene. The faunas are described generally, and large-scale changes with time are discussed. A more detailed description of the early to middle Miocene events is presented by Thomas (in press) . Correlations are made between the faunal record and the oxygen and carbon isotopic records from Site 608 (see Miller et al., this volume) , and the ages of the first and last appearances of taxa are determined by extrapolation of the paleomagnetic data in Clement and Robinson (this volume).
chalks (NN3, see Takayama and Sato, this volume) . Hole 610A is the second HPC hole in the upper part of the section; Holes 610 and 610A together give a complete section through the Pleistocene and Pliocene. In Hole 610E seven cores of upper Miocene sediment were recovered. Hole 610 was cored continuously below 635 m in the lower middle and lower Miocene (9 cores), but recovery was poor (about 50%). Overall, large parts of the upper and middle Miocene were not recovered because of spot-coring; in these intervals one core (9.5 m) was recovered every 50 m (see Site 610 report, this volume, for the spatial relations between the holes).
From both sites I studied core-catcher samples from sediments younger than about 12 Ma and sediments older than 21 Ma, and additional samples from the interval corresponding to 12 to 21 Ma (Appendix A). The sampling interval corresponded to a time interval of about 0.5 m.y. in the upper and lower parts of the section, 0.1 to 0.2 m.y. in the middle and lower Miocene. Overall, 85 samples from Site 608 and 68 samples from Site 610 were studied. Absolute ages were assigned from extrapolation of the paleomagnetic data presented by Clement and Robinson (this volume), using the time scale of Berggren, Kent, and Flynn (1985) and Berggren, Kent, and Van Couvering (1985) . At Site 610, time control is poor in the spot-cored part of the section (200-600 m sub-bottom); ages were estimated from the sedimentation-rate curve (see Site 610 report, this volume) and are not reliable.
Samples were washed through a 63-µm sieve and air-dried. Indurated chalks in the lower part of Hole 610 (Cores 610-19 through 610-27) were dried at 110°C, then soaked in kerosene, and heated in water. Some samples in Cores 610-25 through 610-27 could not be used because even repeated kerosene treatment did not separate the foraminiferal tests from the chalks. In most samples the preservation of benthic foraminifers was good, with no evidence of dissolution or overgrowths, but in the lower part of Hole 610 many foraminifers were crushed and flattened, and filled with clear, sparry calcite. In general, benthic foraminifers in these samples were better preserved than planktonic foraminifers.
Species-specimen plots were drawn for several samples by plotting the number of species versus the number of specimens while counting. The species-specimen curves become parallel to the species axis at about 180 specimens; in other words, many extra specimens had to be counted to find few extra species. Therefore I decided to obtain about 200 specimens per sample and not to use samples in which fewer specimens were present (note that there is no significant positive correlation between the number of species and the number of specimens in the samples, Fig. 2 ). Most samples contained sufficient specimens for study, with the exception of samples from the lower part of Hole 610 (see Appendix A for counts).
I made a strewing on a 5 × 9-cm picking tray to determine how abundant benthic foraminifers were in the sample. If fewer than 5 specimens were present in this strewing, the sample was not used. If more than 5 specimens were present, the amount of sample needed to obtain 200 specimens was estimated, and a split of that size was made in a sample splitter. If not enough specimens were present in the split, extra splits were made. All specimens were picked and mounted in numbered slides. Some of the Cibicidoides spp. specimens were used for isotopic analyses (Miller et al., this volume) .
I used the entire size fraction > 63 µm, because counts were inconsistent when the fraction > 125 µm was separated. Some samples have numerous specimens of Stilostomella spp., Pleurostomella spp., or small Bolivina spp., and these linear species can pass through the 125-µm sieve. The number of specimens that actually passes, however, depends upon the way in which the sieve is handled (how vigorously shaken, how long shaken). Because the majority of the benthic foraminifers in most samples is > 125 µm, the results of this study can (with some caution) be compared with studies in which the > 125-µm size fraction was used, but not with studies in which the >250-µm fraction was used.
RESULTS
The counts of all specimens of benthic foraminifers are shown in Appendix A, together with sample numbers, sub-bottom depths, assigned ages, numbers of specimens per sample, and number of species per sample. No assigned ages are shown for the samples from the lower (spot-cored) section of Hole 610 because exact age determinations cannot be made for those samples. The taxonomy is presented in Appendix B.
Diversity
The diversity, expressed as number of species per sample, is high in most samples, as expected for deep-sea faunas (e.g., Douglas and Woodruff, 1981) . Generally there are between 50 and 65 species per 200 specimens. The average number of species is 53 (± 11) at Site 608, 56 (±7) at Site 610; these numbers are not significantly different. The exception is an interval between about 340 and 355 m sub-bottom at Site 608, where only 12 to 47 species were found per sample, as a result of extremely high relative abundances of Bolivina spp., especially Bolivina spathulata (see below). A relatively low diversity (39-49 species) was also found in some samples from the glacial intervals of the Pliocene and Pleistocene (recognized as glacial by the presence of ice-rafted material and cold-water planktonic foraminifers; see Weaver, this volume); there is no correlation between the number of species found and sub-bottom depth, or degree of induration of the sediment (Thomas, 1985; in press) .
The total number of taxa recognized at the sites is 201; 144 (71.6%) of the taxa occur at both sites, 38 (18.9%) occur at Site 608 only, 19 (9.5%) at Site 610 only. In total, 182 taxa were recognized at Site 608, 163 at Site 610. The "additional" taxa at Site 608 do not occur in the lower part of the section (upper Oligocene), the time equivalent of which was not recovered at Site 610. Many of the taxa occurring at one site only are rare, with exception of Cassidulina teretis at Site 610, which has a maximum relative abundance of 37% in some samples younger than 3 Ma, and several Fursenkoina species in the lower Miocene of the same site (see Appendix A).
Relative Abundance
Relative abundances of the most common species and species groups are shown plotted versus sub-bottom depth in Figures 3 (Site 608) and 4A and B (upper and lower part, Site 610); also indicated on these figures are the paleomagnetic chrons after Clement and Robinson (this volume). Figure 5 shows the same data as plotted in Figure 3 , but plotted versus absolute age. In Figure 6 the relative abundances of some of the most common species and species groups are shown plotted versus absolute age for Sites 608 and 610 for the last 8 m.y.; a similar plot for the lower part of the holes could not be constructed because the time control for Hole 610 is poor.
The most striking feature of the plots of relative abundance at Site 608 (Figs. 3, 5 ) is the extremely high relative abundance of Bolivina spp. in Cores 608-37 and -38. Except for this interval, the most common taxa throughout the studied interval at both sites are Oridorsalis spp. (more abundant at Site 608-see Fig. 6 ). Gyroidinoides spp., unilocular forms, Cibicidoides spp. (the Cibicidoides kullenbergi group together with Cibicidoides bradyi throughout, Cibicidoides wuellerstorfi from the middle Miocene up), and Pullenia spp. The latter taxon was more common at Site 610 after 2.4 Ma, from 6 to 8 Ma, and before 14 Ma than at other times. Globocassidulina subglobosa is common throughout the section at Site 608, and relatively rare at Site 610, especially above a level corresponding to about 2.4 Ma. All these taxa have long ranges and cosmopolitan distributions (e.g., Woodruff and Douglas, 1981; Thomas, 1985; in press) . Nuttallides umbonifera is rare at Site 610, and at Site 608 the taxon had in most samples a relative abundance of less than 5% before about 6.5 Ma; the relative abundance was usually between 5 and 10% from 6.5 Ma to 1.5 Ma, but fluctuated between 0.5 and 23%. After 1.5 Ma N. umbonifera was extremely rare at Site 608. Epistominella exigua had fluctuating relative abundances at both sites, usually between 2 and 12%, but was more abundant in the mudline sample from Site 608 (24%). Eilohedra weddellensis is absent or very rare in the lower part of the section at both sites; it increased in relative abundance to more than 5% after 0.8 Ma at Site 608 and 0.2 Ma at Site 610. Cassidulina teretis occurs at Site 610 only, and has strongly fluctuating relative abundances in the sediments from the last 3 m.y., with a maximum value of about 37%.
Melonis spp. are present throughout the section at Site 610, but had a first appearance at about 20.5 Ma at Site 608. At this site, Melonis spp. had their highest relative abundance between 6 and 15 Ma (relative abundance usually between 5 and 10%); the relative abundance decreased after 6 Ma. At Site 610 Melonis spp. were usually less abundant than at Site 608 before the Pliocene, but increased in relative abundance after about 2.8 Ma; from 2.8 Ma to Recent, Melonis spp. (mainly Melonis pompilioides) fluctuated strongly in relative abundance, from a few to more than 20% (Fig. 6) .
Pleurostomella spp. constituted 2 to 10% of the fauna in most samples older than 6.5 Ma at Site 608; they decreased in relative abundance after that time, and species of Pleurostomella are absent from sediment younger than 1.5 Ma. At Site 610 they had relative abundances similar to those at Site 608 before about 15 Ma, and later constituted less than 5% of the fauna until about 0.8 Ma; they are not found in younger samples. Stilostomella spp. had their last appearance at the same time as Pleurostomella spp. at both sites (1.5 Ma at Site 608, 0.8 Ma at Site 610); before that time they formed usually between 5 and 20% of the total fauna at Site 610. At Site 608 they were less than 5% of the fauna from 6 to 1.5 Ma, usually similar in relative abundance to the values at Site 610 before 6 Ma. Uniserial lagenids at Site 608 decreased in relative abundance from 5 to more than 10% before about 10 Ma to less than 5% after that time.
Miliolids are rare or absent in the lower part of the section at both sites. They were consistently present at Site 608 after 12 Ma, and increased in relative abundance after 3 Ma (Fig. 6) . At Site 610 miliolids increased in relative abundance after about 2.4 Ma (usually 2-10%, Fig. 6 ).
Bulimina spp. usually had relative abundances of less than 5% at both sites, but were somewhat more common at Site 610 than at Site 608. Uvigerina spp. fluctuated in relative abundance irregularly at both sites, with Uvigerina peregrina increasing in relative abundance after about 6.5 Ma at Site 610, somewhat later (5.5-6.0 Ma) at Site 608 (Appendix A, Tables 1, 2) . At Site 608 extremely high percentages of Bolivina spp. were noted in Cores 5) ; the Bolivina are predominantly Bolivina spathulata, but at some levels also Bolivina striatula and Bulivina pseudoplicata (Thomas, in press) . It is unlikely that these high relative abundances are the result of downslope transport: the Bolivina specimens have thin, delicate tests and do not show signs of abrasion. At different levels in the cores different species of Bolivina are predominant (Thomas, in press) Berggren, Kent, and Flynn (1985) . . Relative abundances of the most common species and species groups at Site 608, plotted versus time. The age model was constructed using the paleomagnetic data of Clement and Robinson (this volume) and the time scale of Berggren, Kent, and Van Couvering (1985) . The arrow indicates the FA of Cibicidoides wuellerstorfi.
than 30%) at 334 m sub-bottom (~ 16. Fig. 4B ): the estimated age is 17 to 18.5 Ma. In this interval and just below, Fursenkoina spp. are also relatively abundant at Site 610 (up to 27%, but usually 10-15%); the genus decreased in relative abundance at the end of the early Miocene (it is rare at Site 608).
In conclusion, there were changes in relative abundances between 19.2 and 17 Ma (increase in Bolivina at both sites, more extreme at Site 608), between 14 and 15 Ma (decrease in Pleurostomella at Site 610, increase in Melonis at Site 608), from 10 to 9 Ma (decrease in uniserial lagenids at Site 608), between 5 and 7 Ma (increase in miliolids and Nuttallides umbonifera, decrease in Pleurostomella, Stilostomella, and Melonis at Site 608), and during the last 3 m.y. (more miliolids at Site 610, less Nuttallides umbonifera at Site 608, last appearances of Stilostomella and Pleurostomella at both sites, increase in Cassidulina teretis and Melonis at Site 610, increase in Eilohedra weddellensis at both sites).
First and Last Appearances (FAs and LAs)
FAs and LAs are difficult to determine with accuracy and precision for deep-sea benthic foraminiferal species, because the most common species have long ranges and do not have FAs or LAs in the studied interval (i.e., late Oligocene to Recent). For rare species the exact position at which FAs and LAs are actually found may be considerably different from the real position, because the probability of actually finding a rare species is low. I used FAs and LAs of species that have a reasonably welldefined consecutive range, that is, the rarest species were not used. The position of all FAs and LAs used are given in Tables 1 (Site 608) and 2 (Site 610), and ranges of selected species are shown in Figure 7 . Listed are all the FAs and LAs observed, whether they are a result of migration (immigration or emigration, lateral or vertical migration) or evolution (evolution or extinction). At present there are not enough data available on deep-sea benthic foraminiferal faunas from all oceans to determine whether a specific faunal event (FA or LA) is local, regional, or global, especially because of the confusion in taxonomy, which makes comparison with data of other authors difficult. I decided to list all faunal events that are recognizable at Sites 608 and 610 to find out if these events are evenly distributed through time or concentrated in specific periods. If faunal events cluster in some periods, then the clustering probably indicates changes in the deep-sea environment in these periods, whether the benthic foraminifers reacted by evolution or migration. Figure 8 is a cumulative plot of faunal events versus time for Site 608 and 610.
Of the 182 taxa recorded at Site 608, 39 are longranging, 101 are too rare to determine whether they have a FA or LA, 24 taxa have a FA, and 21 a LA (3 species have a FA and a LA; a total of 45 faunal events). At Site 610, 42 of the recognized taxa range throughout the section, 77 are too rare to determine a FA or LA, 23 have a FA, and 25 a LA (4 species have both a FA and a LA; a total of 48 faunal events). The long-ranging taxa comprise about 50 to 60% of the total fauna in most samples.
In my opinion, it is presently not possible to compare data on ranges of most species with data from other authors without comparing the actual material because of taxonomical problems. Therefore the following discussion is not meant to give an overview of all available data, but to compare the data from a deeper site (Site 608) with those of a shallower Atlantic site (Site 610), and the data from the two Atlantic sites with data from the Pacific (Thomas, 1985) . Of all faunal events, 8 only occurred in the same calcareous nannofossil zone at Sites 608 and 610 (see Tables 1 (Thomas, 1985) . This FA is coeval with the increase in oxygen isotopic ratios in the tests of benthic foraminifers at Site 608 (Miller et al., this volume) . The FA of Ehrenbergina caribbea at 17 to 20 Ma in the equatorial Pacific may correlate with this event at Atlantic Sites 608 and 610 (18.7-19.0 Ma). Several other faunal events at the deepest Atlantic site (Site 608) might be correlated with the same faunal events in the deep equatorial Pacific, for example, the FA of the Melonis barleeanus group at about 20 Ma (Thomas, 1986) .
Overall, few of the faunal events can be correlated in time between Site 608 (3.5 km) and Site 610 (2.5 km), or between the northeast Atlantic and DSDP Sites 573, 574, and 575 in the equatorial Pacific, although the faunal patterns are similar: for instance, Stilostomella spp., Pleurostomella spp., and the uniserial lagenids decrease in abundance at all these sites. The timing, however, is different at different depths and in different areas.
Faunal events are not evenly distributed through time (Fig. 8) . The event rate, that is, the number of faunal events per time unit, was low at Sites 608 and 610 before about 19 Ma, with a small increase associated with the strong increase in relative abundance of Bolivina spp. An increase in the event rate occurred at both sites between about 13.5 and 15.5 Ma, but the precise time cannot be determined at Site 610 because this interval was spot-cored. This increase can be correlated at Site 608 with the increase in oxygen isotopic ratios in benthic foraminiferal tests in the lower middle Miocene (Miller et al., this volume; Fig. 8) , which has been observed world- . Relative abundances of the most common species and species groups at Sites 608 and 610, plotted versus time for the last 8 m.y. The age models were constructed using the paleomagnetic data of Clement and Robinson (this volume) and the time scale of Berggren, Kent, and Van Couvering (1985) . NN19  NN19  NN19  NN19  NN19  NN19  NN16  NN16  NN16  NN16  NN16  NN16  NN16  NN16  NN16  NN16  NN16  NN15  NN14  NN12-13  NN12-13  NN11  NN11  NN11  NN11  NN9  NN9  NN9  NN8  NN8  NN6  NN6  NN5  NN5  NN5  NN5  NN5  NN5  NN4  NN4  NN4  NN3  NN3  NN3  NN3 0.8-1.1 1.1-1.3 1.1-1.3 1.1-1.3 1.1-1.3 1.3-1.5 1.3-1.5 1.3-1.5 1.3-1.5 1.3-1.5 1.5-1.9 1.9-2.1 2.8-3.0 2.8-3.0 2.8-3.0 2.8-3.0 3.0-3.4 3.7-4.6 3.7-4.6 5.2-5.6 5.2-5.6 6.0-6.4 6.4-7.0 7.6-8.0 7.6-8.0 8.6-9.2 8.6-9.2 9.2-9.7 10.9-11.4 11.4-11.9 12.6-12.9 12.9-13.0 13.7-14.1 13. wide Savin et al., 1981) . At Site 610 the event rate was low between 13.5 and 7 Ma, and it increased sharply between 7 and 6 Ma, between 3.3 and 2.0 Ma, and 1.3 and 0.7 Ma. At Site 608 the event rate was stable between 13.5 and 3 Ma (except for a possible small increase at 10-9 Ma), but somewhat higher than before 15 Ma, and there was no increase in the event rate between 7 and 6 Ma. Therefore the difference between the event rate curves at Sites 608 and 610 increased between 13.5 and 7 Ma, to decrease again at 7 Ma (Fig. 8B) . The cumulative curves of faunal events at the two sites have a relatively constant difference of 5 events between 3.5 and 6.5 Ma; this difference exists because there were more events at Site 610 at about 3 Ma than there were at Site 608, although the event rate at Site 608 increased sharply between 3.0 and 2.8 Ma, and between 1.5 and 1.1 Ma. The variation in the event rates is also demonstrated in Figure 9 , where the midpoints of the ranges of FAs NN19  NN19  NN19  NN19  NN19  NN19  NN19  NN19  NN19  NN19  NN18  NN18  NN18  NN18  NN18  NN17  ?NN16  ?NN16  ?NN16  ?NN16  ?NN16  NN15  NN15  ?  NN12  NN12  NN11  NN11  NN11  NN11  NN11  NN11  NN11  NN11  NN11  ?NN9  ?  NN6  NN6  NN5  NN5  NN5  NN5  NN5  NN5  NN3  NN3  NN3 Age (Ma) 0.7-0.8 0.7-0.8 0.7-0.8 0.7-0.8 0.8-0.9 0.9-1.1 0.9-1.1 1.1-1.3 1.1-1.3 1.4-1.7 1.7-2.0 2.2-2.4 2.2-2.4 2.4-2.7 2.4-2.7 2.4-2.7 3.0-3.3 3.0-3.3 3.0-3.3 3.0-3.3 3.0-3.3 4.0-4.1 4.3-5.0 5.0-6.2 5.0-6.2 5.0-6.2 6.2-6.4 6.4-6.6 6.4-6.6 6.4-6.6 6.6-6.7 6.7-6.8 6.8-6.9 6.8-6.9 6.9-7.5 8.6-10.5 12.0-13.5 12.0-13.5 13.5-14.5 13.5-14.5 14.5-15.5 14. 5-15.5 15.3-15.4 15.3-15.4 15.5-15.9 18.7-18.8 18.9-19.0 19.5-19.6 Note: Ages are from extrapolation of the paleomagnetic data of Clement and Robinson (this volume), (ages in the spot-cored interval are not accurate). Calcareous nannofossil zones (CNZ) are after Takayama and Sato (this volume). a Events that occur in the same nannofossil zone at Site 608.
An increase or decrease in abundance.
and LAs were plotted versus time in a histogram with a unit width of 0.5 m.y. Obviously the largest number of FAs and LAs occurred between 0.5 and 3.5 Ma at both sites: from the 45 faunal events at Site 608, 17 events (38%) occurred during this period, and for Site 610 the numbers are 21 (44%) out of 48. At Site 610 11 events out of 48 (23%) occurred between 7 and 5.5 Ma, at which time there was no concentration of FAs or LAs at Site 608. A third period with relatively many faunal events was between 13.5 and 15.5 Ma at Site 608 (6 events i.e., 13%), and between 14 and 15.5 Ma at Site 610 (6 events, 12.5%). The apparent difference in age is probably the result of the poor time control at Site 610.
In counting FAs and LAs as a measure of faunal change, the FAs and LAs of relatively rare species re-ceive as much weight as those of more common species, but the latter have more impact on the total aspect of the fauna: the FA of Cibicidoides wuellerstorfi, for instance, is of more importance for the total fauna than the LA of Nonion havanense. Thomas (1986) discussed the concept of similarity of a fauna in a sample to a fauna in a mudline sample from the same site; the similarity was defined as the percentage of specimens in a sample that belongs to species that are found in a mudline sample from the same site. At Site 608 the similarity of the fauna increased from 60 to 70% in the late Oligocene (similar to a figure of 67.5% for Oligocene assemblages as given by Boltovskoy, in press) to 70 to 80% at 15 to 14 Ma, then changed gradually and with large fluctuations to about 90% similarity at about 6 Ma. These numbers emphasize that a large proportion of the total fauna belonged to long-ranging species, and that the occurrence of FAs and LAs does not have to mean an important change in the total aspect of the fauna (Boltovskoy, 1980a and 1980b) .
DISCUSSION
About 60% of the total deep-sea benthic foraminiferal faunas at Site 608 and 610 belongs to long-ranging species, existing since at least the late Oligocene. Faunal events can generally not be correlated from one site to another site (especially to another site at different depth or in another basin): only eight out of the 45 events at Site 608, and of the 48 events at Site 610, occurred in the same calcareous nannofossil zone at Sites 608 and 610 (Tables 1 and 2 ). All other events are recognized at one site only, or the timing is different. The FA of Sigmoilopsis schlumbergeri, for instance, occurred at 14.5 to 15 Ma at Site 610 (depth about 2.5 km), and at 3.0 to 3.4 Ma at Site 608 (depth about 3.5 km). This species was recorded by Schnitker (in press) to have a FA at 14 Ma, in his discussion of benthic foraminiferal faunas from DSDP Sites 552 to 555 (Rockall Plateau area, 1600-3000 m water depth) and DSDP Site 400 (Bay of Biscay, 4400 m). Several other faunal events described in Schnitker (in press) occurred at different times at one or both of Sites 608 and 610. For instance, Melonis pompilioides has a FA at 16 Ma according to Schnitker (in press) , but this event occurred at 12.6 to 12.7 Ma at Site 608, and at 4.3 to 5.0 Ma at Site 610. Many benthic species may migrate slowly (slower than the deep-water circulation rate of the oceans) from one area to another, or from one depth level to another, and thus show timetransgressive first or last appearances. In my opinion many faunal events in deep-sea benthic foraminifers cannot be used for biostratigraphy (especially between sites at different depths or within different basins) without careful evaluation that the events are indeed coeval.
Changes in overall aspect of the benthic foraminiferal fauna can be the result of changes in relative abundances of species, or of the addition of new species (FAs) or the loss of old species (LAs). During the last 25 m.y. there were four periods during which the deep-sea benthic foraminiferal faunas at Sites 608 and 610 changed more than at other times; in addition, there was one additional period of less important, but marked changes at Site 608. 610 (up to 45%) and extremely high at Site 608 (more than 90%). In my opinion these high relative abundances cannot be fully explained as yet. Similar Bolivina-nch faunas have been found where sediments are rich in organic matter, either because of low oxygen content in the bottom waters as a result of sluggish circulation (e.g., southern California basins [Harman, 1964; Boltovskoy and Wright, 19761 and the Mediterranean sapropels [Cita and Podenzani, 1980; Van der Zwaan, 1980; Mullineaux and Lohmann, 1981] ), or because of high productivity in the surface waters on continental slopes (Sen Gupta et al., 1981; Casey et al., 1981 ; also, see Thomas, in press , for a more detailed discussion).
19.2-17
The high relative abundances of Bolivina spp. in the deep, open northeastern Atlantic might be explained best by postulating that the circulation of the deep waters was sluggish in the early Miocene; the effects of this sluggish circulation might have been aggravated at Site 608 by the rugged topography (see Site 608 report, this volume). The ventilation in the basin probably improved toward the end of the early Miocene, which ended the high relative abundances of Bolivina spp., and brought the benthic δ 13 C values closer to those of the western basin (Miller et al., this volume) . The presence of a widespread reflector (R2- Miller and Tucholke, 1983) in the northeastern Atlantic dated as late early Miocene also suggests increased ventilation; at Site 610 this reflector can probably be located just above the level of high Bolivina abundances (Site 610 report, this volume).
2. 15.5-13.5 Ma. In this period there was an increase in FAs and LAs at both sites, combined with a decrease in relative abundance of Pleurostomella spp. at Site 610, and an increase in Melonis spp. at Site 608. These faunal changes occurred in calcareous nannofossil Zone NN5 (Takayama and Sato, this volume) in the early middle Miocene, at the same time as an increase in benthic foraminiferal δ 18 θ values (Miller et al., this volume; Fig. 8) . Similar faunal changes have been reported to have occurred at this time by Berggren (1972) , Berggren and Schnitker (1983) , and Schnitker (in press), but I disagree with the conclusion of these authors that the benthic microfaunas assumed their present-day aspect during the middle Miocene. My data suggest that later faunal changes (see below) were more important than those in the early middle Miocene: of all first and last appearances during the last 25 m.y., only 6 (out of 45 at Site 608, 48 at Site 610) occurred at this time, and only about 10% of the total faunas were affected (Thomas, in press) .
These faunal changes may have been the result of cooling of the deep waters of the oceans, as a result of increased ice volume on Antarctica, which in its turn may have been caused by the opening of the Drake passage and the thermal isolation of Antarctica (Shackleton and Kennett, 1975) . Alternatively, the cool deep waters may have resulted from the sinking of the IcelandFaeroe Ridge (Berggren and Schnitker, 1983; Miller et al., this volume) and the inflow of cold, northern water masses.
3. 10-9 Ma. Several FAs and LAs occurred at Site 608, and the uniserial lagenids showed a decrease in rel- Present, relative abundance of 5% or less, and more than 1' Present, relative abundance more than 5% Figure 7 . Ranges of selected species that have first and last appearances during the studied interval at Sites 608 and 610 (the lower boundary of recovery at Site 610 is indicated by ?). The age models were constructed using the paleomagnetic data of Clement and Robinson (this volume) with the time scale of Berggren, Kent, and Van Couvering (1985) . Ages for the late to middle Miocene at Site 610 are not precise because of spot-coring. Figure 8A for Sites 608 and 610. Note the increase in the difference between 13.5 and 7 Ma. ative abundance. No obvious changes were observed at Site 610. In many sedimentary sequences (especially in the Rockall Trough area) there is a prominent reflector dated at about 10 Ma (Rl-Miller and Tucholke, 1983) . The presence of this reflector may indicate a more vigorous bottom-water circulation during this period.
(this volume). B. Difference between the cumulative faunal events curves shown in
4. 7-5.5 Ma. In this period there were 11 FAs and LAs at Site 610 (23% of all faunal events recorded at the site during the last 20 m.y.). At Site 608 there were changes in relative abundance: an increase in miliolids and Nuttallides umbonifera, a decrease in Pleurostomella spp. Stilostomella spp., and Melonis spp. Schnitker (in press) also noted faunal changes at about this time at DSDP sites in the Rockall Plateau area (depths 1600-2700 m), but not in the Bay of Biscay (4000 m). Murray (this volume), in a quantitative study of benthic foraminiferal faunas from Sites 609 through 611, suggests that changes in watermass structure occurred in the late Miocene. He proposes that Antarctic Bottom Water (AABW) or a similar water mass, which is characterized by the presence of relatively abundant Nuttallides umbonifera (= Osangularia umbonifera in Murray's nomenclature) penetrated far north at this time. This hypothesis is supported by the relatively high relative abundances of N. umbonifera between 6.5 and 1.5 Ma at Site 608. Murray^ (this volume) hypothesis is also in agreement with that of Blanc and Duplessy (1982) , who suggested that the production of North Atlantic Deep Water (NADW) stopped in the latest Miocene, as a result of the Messinian closure of the Mediterranean and the lack of salty Mediterranean Sea Overflow Water (MSOW); therefore AABW could penetrate further north. This change in deep-water circulation, as suggested by the benthic foraminiferal faunal changes, is most clearly observed in the Rockall Plateau area (this chapter; Schnitker, in press); possibly the faunal changes are related to a change in Norwegian Sea Outflow water in the Rockall Trough (Masson and Kidd, this volume; Reid, 1979) . Carbon isotopic evidence presented by Keigwin et al. (this volume) , however, suggests no change in production of NADW in the late Miocene.
Keigwin et al., (this volume) also present oxygen isotopic data, which they interpret as suggestive of short glacial maxima between 5.5 and 5.0 Ma, but not of prolonged glaciation. This is in contrast with earlier theories that invoked the presence of major ice caps on Antarctica in the late Miocene (Shackleton and Kennett, 1975; Cita and Ryan, 1979) . Whatever the exact configuration was of bottom waters in the late Miocene, there were major environmental changes, as indicated by a worldwide change in δ 13 C values in the tests of benthic and planktonic foraminifers at about 6.2 Ma (Bender and Keigwin, 1979; Keigwin, 1979; Haq et al., 1980; Vincent et al., 1980; Loutit and Keigwin, 1982; Keigwin et al., this volume) . Possibly the late Miocene changes in δ 13 C values were the result of changes in total biomass; these changes might be orbitally forced through low-latitude precipitation, as suggested by Keigwin and Boyle (1985) . Evidence from the comparison of benthic foraminiferal faunas as presented in this paper and by Mur-ray (this volume) suggests that there was a change in deep-water circulation in the northeastern Atlantic at about the time of the closure of the Mediterranean and the change in carbon isotopic ratios.
5. 3.5-0.7 Ma. Many FAs and LAs occurred at Sites 608 and 610 during this period (Figs. 8, 9 ), as well as changes in relative abundances; the long-established taxa of Pleurostomella and Stilostomella disappeared, and cold-water species (e.g., Cassidulina teretis) appeared.
During this interval the glaciation of the Northern Hemisphere started, but the exact timing is still being discussed. McDougall and Wensink (1966) documented glaciation on Iceland at about 3.1 Ma. Shackleton et al. (1984) concluded that ice rafting started at about 2.5 Ma at Site 552 (Rockall Plateau area) and that oxygen isotopic evidence also suggested growth of ice sheets at that time. Data from Leg 94 (Raymo et al., this volume; Ruddiman et al., this volume) indicate that the isotopic evidence for the initiation of glaciation is not clear-cut, and that some environmental changes may have occurred between 3.1 and 2.4 Ma (see also Ruddiman et al., this volume) .
Evidence from benthic foraminifers as presented in this chapter was not collected with a sampling density sufficient to resolve glacial-interglacial fluctuations at a time scale dictated by orbital parameters (Ruddiman and Mclntyre, 1976, Ruddiman and Mclntyre, 1984) , but the data can give information on the overall faunal changes associated with the initiation of glaciation. The distribution of faunal events during the period from 3.5 to 0.7 Ma is bimodal at both sites (Fig. 9) , with peaks from 1.5 to 1.1 Ma and 3.0 to 2.5 Ma at Site 608, and somewhat broader peaks (1.3-0.7 Ma and 3.3-2.4 Ma) at Site 610. This suggests that changes in bottom water, which may have been associated with the onset of glaciation, were first felt by benthic foraminifers at Sites 608 and 610 at about 3 Ma, possibly somewhat earlier at the shallower site. Then the faunas stabilized, but suffered many LAs of taxa between 1.5 and 0.7 Ma: the decrease in relative abundance of Nuttallides umbonifera at Site 608 at 1.5 Ma might indicate a retreat of an AABW-like bottom-water mass from the site. The benthic faunas do not show many changes at about 2.5 Ma, when ice rafting started at the Leg 94 sites, and when there were major changes in the planktonic foraminiferal faunas (Raymo et al., this volume). CONCLUSIONS 1. Major changes in the composition of deep-sea benthic foraminiferal faunas at Sites 608 and 610 (northeastern North Atlantic) occurred in the early Miocene (19-17.2 Ma), middle Miocene (15.5-13.5 Ma), late Miocene (7-5.5 Ma), and Pliocene-Pleistocene (3.5-0.7 Ma). The changes during the first period may have resulted from sluggish circulation, during the second from cooling of the deep waters, during the third from changes in deep-water circulation resulting from the closure of the Mediterranean, and during the last period from changes in deep-water circulation as a result of the onset and intensification of Northern Hemisphere glaciation.
2. The last period of faunal changes was the most important, as is evident from the large number of last and a few first appearances, and many changes in relative abundances. The second most important period was the late Miocene, followed by the middle Miocene. Faunal changes in the early Miocene consisted of a temporary dramatic increase in Bolivina spp., and did not involve many irreversible changes (first or last appearances).
3. The patterns of faunal changes are similar at the two sites (e.g., decrease in relative abundance of Pleurostomella spp. and Stilostomella spp.), but the timing of specific first and last appearances is usually different at the two sites. Faunal events in deep-sea benthic foraminiferal faunas can be used for biostratigraphy after careful scrutiny only. Figure 9 . Histogram of first and last appearances at Sites 608 and 610. The first appearances are shown as blank bars, the last appearances as stippled bars. 65  53  60  62  65  65  56  57  65  61  52  59  50  52  65  62   55  47  64  41  52  64  63  60  60  37  27  12  25  16  29  24  41  44  47  47  51  53  58  54  47  38  71  55  54  44  59  55  62  66  41   54  46  48 4   1  10  3  12  2  2  8  3  10  9  3  4  4   13  9  1  3  7  2  5  10  9  2  1  1  2  2  6  1  14  13  11  55  55  18  29  9  1  4  4  1  2  1  1  3  2  2  1   6 3 17
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APPENDIX A Counts of Benthic Foraminifers (Tables 1 and 2)
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